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1. INTRODUCTION cogently reviewed in [9]. 
a-Ketoglutarate (KG) is thought to play an im- 
portant role in the regulation of renal am- 
moniagenesis by inhibiting the entry and degrada- 
tion of glutamine by renal mitochondria [l]. The 
observation that KG declines more rapidly and to 
a greater extent than other renal metabolites sug- 
gests that the oxidation of KG is activated during 
the early phase of acidosis thus reducing its in- 
hibitory effects [2]. It has been proposed that a 
reduction of renal pH per se may activate LY- 
ketoglutarate dehydrogenase (KGDH) [3], but the 
magnitude of this effect probably cannot account 
completely for the stimulation of this enzyme seen 
during acidosis [4]. Other activators or renal 
KGDH have been examined as possible mediators 
with the result that Ca2+ could play such a role [4]. 
Interrelated effects of H+ and Ca2+ upon renal 
tubule metabolism were shown in [5]. The purpose 
of this study is evaluate the potential importance of 
factors that may contribute to the activation of 
KGDH during acute metabolic acidosis. Since 
acute acid-base alterations exert profound 
changes on calcium homeostasis in the intact 
organism [6], kidney cells [7], and isolated kidney 
mitochondria [8], we tested the hypothesis that 
changes in intramitochondrial Ca2+ may be the 
proximate signal that stimulates flux through 
KGDH. The hypothesis that variations in intrami- 
tochondrial Ca2+ activity between 0. l-l .OpM may 
be an important regulatory mechanism for several 
mitochondrial enzymes has been proposed and 
Since no method exists for the direct measure- 
ment of ionized calcium within the mitochondrial 
matrix in vivo we developed and used an indirect 
method for assessing changes in Ca2+ activity in 
renal mitochondria in an intact animal. To 
discover if acidosis causes an increase in the Ca2+ 
activity of the mitochondrial matrix we have ex- 
ploited the characteristics of the pyruvate 
dehydrogenase complex (PDH). This enzyme com- 
plex possesses similarities of structure and 
mechanism to KGDH as well as sharing the same 
cellular compartment within the mitochondrial 
matrix. In addition, the enzyme complexes are 
each regulated by Ca2+, as well as other factors. 
These similarities have led us to predict that 
KGDH and PDH may be regulated in parallel if 
they are controlled by modulators common to 
both. PDH is covalently regulated by a phos- 
phorylation/dephosphorylation cycle catalyzed by 
a kinase and phosphatase, respectively. An in- 
crease in mitochondrial Ca2+ concentration ac- 
tivates the phosphatase and probably inhibits the 
kinase [9] such that the ratio of active to total PDH 
found in extracts of freeze-clamped kidneys will 
reflect, among other factors, the free Ca2+ concen- 
tration of mitochondria. 
Here we show that acute metabolic acidosis pro- 
duces an increase in the ratio of active/total renal 
PDH and that this activation appears to be due to 
an increase in the [Ca”] occurring in the 
mitochondrial matrix. From measurements of the 
sensitivity of PDH and KGDH activity to Ca2+ we 
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conclude that a rise in Ca’+ responsible for this 
elevation of the active fraction of PDH would pro- 
bably activate renal KGDH as well and contribute 
to the regulation of flux through this metabolic 
pathway. 
2. MATERIALS AND METHODS 
Acute metabolic acidosis was induced by oral 
administration of NH&I (20mmoYkg) and the 
rats sacrificed 1 h later [2]. To determine the effect 
of this experimental treatment upon renal PDH ac- 
tivity as well as adenine nucleotides, CoA-AC and 
CoA, the animals were lightly anesthetized with 
Na+-pentobarbital (40 mg/kg, i.p.) 1 h following 
induction of acidosis and a kidney was rapidly 
excised, decapsulated and freeze-clamped with 
aluminium tongs chilled with dry ice. Frozen tissue 
was stored in liquid N2 until extraction. Just before 
extraction the tissue was weighed and powdered 
with a mortar and pestle cooled with liquid Nz. For 
the measurement of adenine nucleotides, CoA-AC 
and CoA the kidney powder was extracted and 
assayed as in [lo]. 
To determine the PDH activity the powdered 
tissue was extracted with 2 vol. of an extraction 
medium containing 20mM Tris-HCl, 1 mM 
K+-EGTA and 40% (v/v) glycerol at pH7.8. The 
assay was performed as in [l 11. 
Mitochondria were isolated from rat kidney us- 
ing standard differential centrifugation technique 
in a medium composed of 280mM sucrose, 1 mM 
K+-EDTA and 5mM Mops (pH 7.2). The final 
pellet was suspended in an identical medium except 
that EDTA was omitted. This procedure yielded 
mitochondria with respiratory control ratios of 
4-6 with 5mM glutamate and 5 mM malate as 
substrates. The sensitivity of KGDH to intramito- 
chondrial Ca2+ was determined polarographically 
in uncoupled kidney mitochondria in KCl-based 
medium essentially as in [12]. NaCl was omitted 
from the medium since the uncoupling effect of 
Na+ reported in isolated kidney mitochondria [ 131 
would interfere with the determination of the 
respiratory control ratio. 
The sensitivity of rat renal PDH to intramito- 
chondrial Ca2+ was measured by incubating un- 
coupled mitochondria in medium identical to that 
used for the measurement of KG oxidation. Since 
in intact coupled mitochondria a Ca2+-dependent 
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activation of PDH can only be observed in state 4 
or the transition between state 3-4 [14], we pre- 
incubated each sample with 5 mM glutamate and 
5 mM malate for 2min before adding rotenone 
(5pg/ml) and oligomycin (5pg/ml) to maintain 
adequate PDH kinase activity. Following addition 
of the inhibitors, carbonyl cyanide p-trifluorome- 
thoxyphenyl hydrazone (FCCP) (0.5pM) was add- 
ed and the incubation continued for 8 min at 30°C. 
Oligomycin, rotenone and FCCP were dissolved in 
dimethyl sulfoxide. Full activity of PDH was ob- 
tained by incubating uncoupled mitochondria in 
the absence of substrates, rotenone or oligomycin. 
Following the incubation, the mitochondrial 
suspensions were centrifuged at 12800 x g for 
1 min with an Eppendorf microcentrifuge and the 
pellet frozen and stored in liquid N2 until extrac- 
tion exactly as in [ 121. The mitochondrial extracts 
were assayed for PDH activity by recording the 
rate of NAD+ reduction at 340nm in an assay 
medium at 25°C composed of 100mM Tris-HCl, 
1 mM K+-EDTA, 1 mM dithiothreitol, 2mM 
MgClz, 0.05% (v/v) Triton X-100, 5,ug rote- 
none/ml, 0.5 mM NAD+, 0.1 mM CoA, 1 .OmM 
thiamine pyrophosphate and 1 .O mM pyruvate 
(pH 7.8). 
The mitochondrial NAD+/NADH ratio was 
calculated using the standard equilibrium constant 
for glutamate dehydrogenase (3.87 x lo-r3 M2) 
[ 15 ] and metabolites measured in freeze-clamped 
kidney from control and acidotic rats [2]. The pH 
of the matrix of kidney mitochondria was taken to 
be 8.0 in control animals [16] and boundary pH 
values of 7.7 and 8.0 were used for the acidotic 
animals. 
Ca2+/EGTA buffers were prepared as in [ 171. 
[Ca”] was calculated using the association con- 
stants for CaEGTA = 1.204 x 10’ and MgEGTA 
=7.079 x 10’ at pH7.2. 
3. RESULTS AND DISCUSSION 
The active fraction of PDH was significantly 
elevated -25% after 1 h of acute metabolic 
acidosis while the total PDH activity was unchang- 
ed (fig. 1). To assess whether or not a change in the 
phosphorylation potential played a role in the 
measured activation of PDH we measured adenine 
nucleotides of freeze- clamped kidney 1 h following 
induction of acidosis. No changes were found 
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Fig. 1. Effect of acute metabolic acidosis on the active 
fraction of pyruvate dehydrogenase (PDH). The active 
fraction is represented as the stippled portion of the total 
activity. The total PDH activity was measured after in- 
cubating a portion of the original extract for 20-30 min 
at 25°C that had been diluted 1 :4 with an activating 
medium containing 20 mM Tris-HCl, 1 mM CaCl2 and 
1OmM MgClz (pH 7.8). Earlier experiments had 
established that the enzyme was fully active after in- 
cubating for 20min. Differences between means were 
tested using an Student’s unpaired t-test (*, P<O.OS; 
mean *SE; n = 10). 
Table 1 
Effect of one hour acute metabolic acidosis on pyruvate 
dehydrogenase kinase/phosphatase modulators in rat 
kidney 
ATP 
ADP 
AMP 
CoA-AC 
CoA 
Mitochondrial” 
(PH 8.0) 
NAD+/NADH 
(PH 7.7) 
Control Acidosis 
(umol. gg’) 
1.24 f 0.13 (4) 1.19 f 0.09 (4) 
0.86 * 0.07 (4) 0.86 ZiZ 0.11 (4) 
0.37 + 0.02 (4) 0.33 & 0.03 (4) 
(nmol. g-l) 
21.2 + 1.5 (7) 22.8 + 2.3 (7) 
73.8 f 6.2 (7) 66.3 f 5.5 (7) 
1.74 1.42 
2.83 
a Calculated from mean metabolite concentrations in [2] 
Values are means ? SE (n) 
(table 1). The mitochondrial ADP/ATP ratio of 
isolated hepatocytes has been found to be reflected 
by the extramitochondrial ADP/ATP ratio and to 
be correlated with the level of PDH activity [ 181. It 
seems reasonable to expect that any substantial 
changes in the mitochondrial ADP/ATP ratio that 
occur during acidosis would have been seen in the 
values measured in whole kidney. 
Calculated values of the NAD+/NADH ratio are 
presented in table 1 for two separate assumptions 
with regard to the pH of the mitochondrial matrix. 
The boundary conditions for the mitochondrial 
matrix pH were chosen to reflect the range that 
may occur in vivo. These values are similar to the 
mitochondrial pH measured in vitro under normal 
and acidotic conditions [16]. If the matrix pH is 
assumed to be 8.0 the redox potential is slightly 
more reduced, while if it is assumed that the matrix 
pH falls to 7.7 the NAD+/NADH ratio rises to 
2.83 from a value for the control tissue of 1.74. 
Although the NAD+/NADH ratio does participate 
in the control of the PDH phosphorylation state, 
data obtained in isolated heart mitochondria show 
that redox potentials in the range we calculated for 
kidney have no effect at a variety of ATP/ADP 
and CoA-Ac/CoA ratios [19]. These results are 
consistent with the lack of any change in the 
phosphorylation potential due to the near 
equilibrium existing between the mitochondrial 
redox and phosphorylation potentials [20]. 
Similarly the kidney content of CoA and CoA-AC 
are not significantly different from control 1 h 
following induction of acidosis (table 1). 
Fig. 2 shows the sensitivity of PDH and KGDH 
to variation in intramitochondrial Ca’+. As found 
in other tissues [12,21] the response of both en- 
zymes to Ca2+ are very similar with approximate 
So.5 values of 0.4 and 0.3,~M for KGDH and PDH, 
respectively. Thus, if the PDH activation found in 
acidotic kidneys is due to an increase in mitochon- 
drial Ca2+, renal KGDH would be activated as 
well. 
Profound effects of acid-base alterations on 
renal Ca2+ metabolism have been documented. All 
information available suggests that lowering the 
extramitochondrial pH leads to an enhanced efflux 
of Ca2+ from mitochondria. This evidence has led 
us to speculate that this increased efflux could be 
due to an elevation of the Ca2+ activity of the 
mitochondrial matrix. The proposed increase in 
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Fig. 2. Effect of Ca2+ on the oxidation of 0.2mM cy- 
ketoglutarate (KG) (0) and pyruvate dehydrogenase ac- 
tivity (PDH) (A) in uncoupled kidney mitochondria. The 
maximal rate of KG oxidation was 71+ 4 nmol 
Oz.min-‘.mg-r, n = 3, with 1OmM KG; and the max- 
imal PDH activity was 26 f 4 @mol. min-’ .mg-‘, n = 5, 
(mean + SE). The incubation medium contained 125 mM 
KCI, 20mM K+-Mops, 5 mM KH2P04, 2mM MgC12, 
2mM K+-EGTA, varied [CaCl2], O.SpM FCCP (pH7.2) 
at 30°C. 
Ca2+ activity may be a result of liberation of Ca2+ 
from calcium phosphate or membrane binding 
sites that are sensitive to acid-base changes. 
Here, we have shown an acidosis-dependent ac- 
tivation of PDH which we believe could be the 
result of an increase in the Ca2+ activity of the 
mitochondrial matrix. Other factors that are 
known to influence the PDH activity have been 
evaluated and found not to change in the ap- 
propriate direction to explain this activation. We 
suggest that changes in intramitochondrial Ca2+ 
causing activation of PDH participates in the 
modulation of renal KGDH and therefore, am- 
monia production. 
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